Abstract: Using electron microscopy, K 0.5 Na 0.5 NbO 3~K NN! ceramics sintered at 10308C for 8 h and 11008C for 2 and 24 h was studied. The scanning electron microscopy and X-ray spectrometry revealed that the materials consisted of a matrix phase in which the~NaϩK!/Nb ratio corresponded closely to the nominal composition and a small amount of Nb-rich secondary phase. A bimodal microstructure of cube-shaped grains was revealed in the fracture and thermally-etched surfaces of the KNN. In the ceramics sintered at 11008C, the larger grains up to 30 mm across!, contained angular trapped pores. The transmission electron microscopy analysis revealed that the crystal planes of the grains bordering the intragranular pore faces were of the $100% family with respect to the simple perovskite cell. Ferroelectric domains were observed in the grains of this material.
INTRODUCTION
Piezoelectric materials based on the Pb~Zr,Ti!O 3 solid solution have been widely used because of their piezoelectric, pyroelectric, and ferroelectric properties. One of the major drawbacks of these materials, however, is their high lead content: the ceramics contain ;60 wt% lead and therefore represent a possible ecological hazard. As a result, most of the current research is oriented toward more environmentally-friendly, lead-free materials. A group of lead-free ferroelectric materials is one based on potassium sodium niobate @~K,Na!NbO 3 #. The solid solution with the composition K/Na 50/50 close to the morphotropic phase boundary exhibits a moderate dielectric constant e ϭ 300-800 and an optimum piezoelectric response d 33 ϭ 80-100 Jaeger & Egerton, 1962; Kosec & Kolar, 1975; Malic et al., 2003 One of the major problems of KNN is sintering. According to early reports, the stoichiometric material is extremely difficult to consolidate~Jaffe et al., 1971; Kosec & Kolar, 1975 !. The fabrication of these materials should be carried out carefully, taking into account the hygroscopic nature of alkaline carbonates, especially that of potassium carbonate, and the volatility of the alkaline species during thermal treatment/annealing~Jaffe et al., 1971; Kosec & Kolar, 1975; Flückiger et al., 1977!. In a previous study, we observed that the KNN ceramics densify in a narrow temperature interval: intensive shrinkage is a few 1008C below the melting point at 11408C~Kosec & Kolar, 1975; Malic et al., 2003 !. The aim of this work was to analyze, using scanning electron microscopy~SEM!, the microstructure and specifically the stoichiometry of KNN ceramics sintered at 10308C and 11008C, and to study the microstructural details of KNN ceramics using transmission electron microscopy~TEM!. As far as we know, there are no data regarding other studies of KNN available in open literature.
MATERIALS AND METHODS
The solid solution with the nominal composition KNN was prepared by solid-state synthesis from alkaline carbonates and niobium oxide. The synthesis details are described elsewhere~Jenko et al., 2003!. The particle size distribution of the KNN powder was determined by laser granulometry using an Alcatel Cilas 850.
The density was calculated from the mass and the dimensions of the ceramic pellets. The phase composition was determined by X-ray powder diffraction~XRD! with a Philips PW 1710 using CuKa radiation~2u: 20-708, step: 0.028!, and Si as the internal standard. The cell parameters were refined by the least-squares method. Ceramic samples were characterized by SEM in secondary-electron and backscattered electron image~BEI! modes with a JEOL JSM-5800. These were equipped with an Oxford-Link ISIS 300 energy-dispersive X-ray spectrometer and TEM with a JEOL JEM-2010F.
The fracture surfaces of the samples were sputtered with gold and analyzed in the SEM. Samples for microanalysis were polished with 3-mm and 0.25-mm diamond paste using standard metallographic preparation techniques, and some of them were thermally etched and coated with carbon to ensure electrical conductivity. Standardless quantitative X-ray spectrometry~EDS! analysis was performed using the SEMQuant program within the Oxford-Link ISIS 300 system, with the virtual standard package~VSP! data library and the ZAF~Z-atomic number, A-X-ray absorption, F-X-ray fluourescence! matrix-correction method. The samples were analyzed using an acceleration voltage of 20 kV, a spectrum acquisition time of 100 s, a 358 take-off angle, and a 08 tilt of the specimen. The Na-Ka, K-Ka, and Nb-La spectral lines were used for the analysis. All of the composition calculations were determined in weight percent by the software and converted to atomic percent. Single crystals of KNbO 3 and NaNbO 3 , which are also end-members of the solid solutioñ K,Na!NbO 3 , were used as reference materials for the sintered-ceramic samples of KNN to improve the accuracy of the quantitative EDS analysis, especially when analyzing sodium~Samardžija et al., 2004!. Glasses containing Na and/or K are often used as standards, but they can be unstable under the electron beam. Natural minerals with Na and/or K~albite, orthoclase! are available, but they are not reliable enough because their compositions can vary from one specimen to another, and within a single specimen. For this reason, and because of their perovskite structure and similar composition, single crystals of KNbO 3 and NaNbO 3 appear to be the best choice as reference materials for a quantitative EDS analysis of potassium sodium niobates.
The quantitative characterization of the thermallyetched surfaces was carried out using the computerized image-analysis UTHSCSA ImageTool program. Using this program, the average grain size was determined by measuring the surface of each grain and transforming its irregularlyshaped area into a circle of equivalent diameter.
Samples for TEM analysis were prepared by mechanical thinning, dimpling, and ion milling using 3.8-keV argon ions from both sides and a milling angle of 108. The total time of ion milling was 4 h.
RESULTS
The particle-size distribution of the KNN powder is shown in Figure 1 . It has a median value of 0.65 mm, with the largest particles up to 10 mm. Powder compacts were uniaxially pressed with 100 MPa and subsequently sintered at 10308C for 8 h or 11008C for 2 h and 24 h in air.
Densities of the KNN ceramics sintered at 10308C and 11008C were 86.9% and about 95% of theoretical value, respectively, as shown in Table 1~Jenko et al., 2003!. Fracture surfaces of these samples are shown in Figure 2 . The sample sintered at 10308C consisted of fine, submicron grains and a population of large grains ;5 mm across with a distinct cubic morphology. After sintering for 2 h at 11008C, we observed an increase in size for both populations of grains. After 24 h at 11008C, the largest grains were nearly 30 mm in size. For these grains, predominantly transgranular fracture was observed, whereas for the fine grains, intergranular fracture was predominant. On the fracture surfaces of the large grains, we observed angular trapped pores with sizes of up to 1 mm~inset of Fig. 2 !. Densification and intensive grain growth was observed as the temperature was increased from 10308C to 11008C.
The SEM micrographs of the polished surfaces of KNN ceramics sintered at 10308C and 11008C are shown in Figure 3 . We encountered a problem of pull-outs during grinding and polishing that we ascribed to the cubic morphology of the grains and to a rather large-grain size in the case of the samples sintered at 11008C. In all samples, we observed light gray inclusions of a secondary phase marked Figure 1 . The particle size distribution of the KNN powder. Median particle size was 0.65 mm, diameter for 10% was 0.33 mm and for 90%, 3.26 mm. with an arrow on the micrographs in Figure 3 . The amount and the size of these inclusions increased with increasing sintering temperature and time. The matrix and secondaryphase inclusions in the samples sintered at 10308C and 11008C were further analyzed by EDS.
To improve the accuracy of the quantitative EDS analysis of the ceramics, single crystals of KNbO 3 and NaNbO 3 were used as reference materials. The EDS analysis results on both single crystals in atomic percent were determined at different randomly-selected locations on the samples and were averaged with standard deviation included~Table 2!. The atomic percent of Na, K, and Nb were normalized assuming the ABO 3 stoichiometry in all cases. The measured value for sodium was 30% lower than the nominal value. The values for potassium and niobium did not deviate much from the nominal composition.
The EDS analysis on both single crystals helped us to calculate and determine the composition of the KNN sintered ceramics. Some of the locations where the EDS data for the matrix~࠘! and the secondary phase~ϫ! were taken are shown in Figure 3 . The results of the analyses are collected in Table 3 . The atomic percent of Na, K, and Nb was normalized assuming the ABO 3 stoichiometry in all cases. The atomic percent of Na in the matrix was slightly lower than the nominal value at 9.8 6 0.5 and 9.8 6 0.1 for samples sintered at 10308C for 8 h and 11008C for 2 h, respectively. After sintering at 11008C for 24 h, the Na content was slightly higher, that is, 10.4 6 0.3 at.%. The amount of Na in the secondary phase in the sample sintered at 11008C for 24 h was 3.2 6 0.1 at.%, the amount of K was 10.7 at.%, while the amount of Nb was 23.0 at.%.
The XRD patterns of the sintered samples revealed only the KNN perovskite phase~Fig. 4!. This phase was indexed based on a simple orthorhombic perovskite cell as proposed by Stannek~1970!. However, for the composition KNN, a JCPDS-ICDD powder diffraction card did not exist. The Table 4 .
The thermally-etched surfaces of the KNN sintered at 11008C for 2 and 24 h revealed a broad distribution of angular grains with trapped pores~Fig. 5!. The average grain size in the sample sintered for 2 h was 1.71 6 1.78 mm, and for 24 h, 2.61 6 2.85 mm~Fig. 6!. We were unable to distinguish the two separate phases on the etched surfaces.
Microstructural details of the KNN ceramics sintered at 11008C for 2 h were further analyzed by TEM. 574 Darja Jenko et al. shows a TEM micrograph of a grain, marked with an arrow, and a trapped pore. The pore has a cubic morphology. We arbitrarily chose this grain to be in the zone @001# and the crystal planes of the grain to which the pore is attached are in the $100% family with regard to the simple perovskite cell.
Planar defects were found in the sample sintered at 11008C for 2 h. With selected-area electron diffraction and using bright-field dark-field experiments~two-beam case!, it was determined that these defects were the d-type~Eding-ton, 1974!. Figure 8 shows TEM micrographs of d bound- aries in the KNN ceramics. When tilted, d boundaries showed asymmetric fringes in the bright field~Fig. 8a! and symmetric fringes in the dark field~Fig. 8b!.
DISCUSSION
Single crystals of NaNbO 3 and KNbO 3 were used as reference materials for the quantitative SEM-EDS analysis of KNN ceramics. The EDS analysis on NaNbO 3 single crystal revealed a 30% lower value for sodium for two reasons Table 2 !:~1! the high absorption of the relatively "soft" Na-Ka X-ray line~E ϭ 1.04 keV! and insufficient absorption correction within the SEMQuant-ZAF program and 2! use of albite mineral as a standard for VSP reference~see Materials and Methods!. As a result, the measured value for sodium was lower than the nominal value. It could also be possible that the lower value for sodium is caused by its mobility under the electron beam as shown in glasses composed mostly of SiO 2 , Na 2 O, CaO, MgO, and Al 2 O 3 Jbara et al., 1995 showed that the lower value was not the consequence of Na volatility and/or mobility, whereas a NaNbO 3 single crystal was stable under the electron beam. The values for potassium for KNbO 3 single crystal and niobium for both single crystals did not deviate much from the nominal composition~Table 2!. We also analyzed the KNN sintered ceramics. The atomic percent of Na in the matrix phase was 9.8 6 0.5 for sample sintered at 10308C for 8 h and slightly lower than the nominal value~Table 3!. We observed a slight increase of the Na content with temperature and time above the level of uncertainty that we connected with enhanced homogenization of Na within the matrix phase. The values in all three samples did not vary much and the difference could be related to the systematic error of the EDS analysis. The values for K and Nb in all cases were approximately 11 and 21 at.%, respectively. This was even more pronounced in the samples, sintered at 11008C that we connected with a more homogeneous distribution of K and Nb within the matrix grains. The Na/K ratio in the matrix was always slightly lower than the nominal ratio of 1~between 0.88 and 0.95!, and it increased with temperature and time. Analogously, this trend was reflected in the~NaϩK!/Nb ratio.
The secondary-phase inclusions were not analyzed in the samples sintered at 10308C for 8 h and 11008C for 2 h because the areas of the secondary phase were too small and would not provide an exact analysis. For that reason we analyzed the inclusions only in the sample sintered at 11008C for 24 h. The amount of Na in the inclusions, that is, 3.2 at.%, was much lower than in the matrix phase. On the other hand, the amount of K was only slightly lower than in the matrix phase at 10.7 at.%, whereas the amount of Nb was higher at 23.0 at.%. The Na/K and the~NaϩK!/Nb ratios corresponded to 0.30 and 0.60, respectively.
In addition to the perovskite KNbO 3 , there are a number of other potassium niobate phases that are unstable, and they exhibit significant volatility of K 2 O upon annealing Jaffe et al., 1971; Flückiger et al., 1977; Kodaira et al., 1982!. A similar event probably occurs in NaNbO 3 , but there are no data about this. There are also no literature data about secondary phases in KNN, but the research on alkaline-earthdoped KNN shows secondary phase or phases that could be ascribed to various alkaline or alkaline-earth alkaline polyniobates~Powel, 1971; Ahn & Schulze, 1987; Malic et al., 2005a Malic et al., , 2005b From the XRD data we calculated the cell parameters of the sintered KNN ceramics based on a simple orthorhombic perovskite cell~Table 4!. With increasing sintering temperature and time, we observed a small increase in one of the cell parameters, whereas the other two remained con- stant~within the uncertainty range!. This was reflected in the increase of the perovskite cell volume. We attributed this increase to the observed increase of the sodium content within the KNN matrix phase with annealing temperature and time as determined by the EDS~Table 3!.
In the XRD spectra of our samples~Fig. 4!, we did not detect any secondary phase, either because of the small quantity or because this secondary phase may have been isostructural with the matrix phase, but with a different composition.
The etched microstructure of KNN sintered at 11008C for 2 h revealed the presence of some large grains of ;20 mm across within otherwise fine-grained matrix, that is, the average grain size was 1.71 mm. After sintering for 24 h, the average grain size was 2.61 mm with the largest grains reaching 30 mm~Figs. 5 and 6!. These results are in agreement with the observations of the fracture surfaces~Fig. 2!. The observed bimodal microstructures of KNN ceramics could have been a consequence of the broad particle size distribution of the starting KNN powder~Fig. 1!. Although the powder was fine with the median size of 0.65 mm, there was a fraction of powder particles with sizes up to 10 mm; these could have represented seeds for exaggerated grain growth. However, other mechanisms for exaggerated grain growth were also possible.
We observed trapped angular pores within the population of large grains. The pore size increased with sintering temperature and time and reached almost 1 mm across in the sample sintered for 24 h at 11008C~Figs. 2 and 5!. Coalescence of the intragranular angular pores as a result of rapid grain growth was also observed during the sintering of NaCl~Sata, 1994!.
In a TEM micrograph of a grain, the cubic morphology of the intragranular pore was clearly shown~Fig. 7!. The crystal planes of the grain to which the pore was attached are of the $100% family with regard to the simple perovskite cell. Intragranular angular pores in NaCl were also observed by Sata~1994!. The pores were oriented parallel to the grain faces as in our sample. In NaCl the $100% surfaces had the lowest activation energies for vaporization~Sata, 1992!. In studies related to thin films and based on lead-based perovskites, it has been observed that the $100% faces have the lowest surface energies~Okuwada et al., 1989 , 1991 Tani et al., 1993 !. This is valid also for SrTiO 3~S ano et al., 2003!. We found no data on the surface energy of KNN or related compounds; however, we assume that in this alkalinebased perovskite the $100% surfaces with regard to the simple perovskite cell had a lower surface energy than the other crystal faces.
SUMMARY
The microstructures of KNN ceramics sintered at 10308C for 8 h and 11008C for 2 h and 24 h were studied by electron microscopy. The SEM-EDS revealed that the materials consisted of a matrix phase in which the~NaϩK!/Nb ratio corresponded closely to the nominal composition of 1. In the sample sintered at 11008C for 24 h, a small number of Nb-rich secondary phase regions were found with a Na/K ratio of 0.30 and a~NaϩK!/Nb ratio of 0.60. The fracture and thermally-etched surfaces revealed the cubic morphology of the grains and two grain-size populations: fine, micron-sized grains and large grains of a few tens of 10 mm. In the latter, trapped cube-shaped pores were observed. In KNN sintered at 11008C for 2 h, ferroelectric domains were found.
